Embryos_0_2hr_r1
Embryos_0_2hr_r2 WPP_24hr_r2  pupae_WPP_2d_r1  pupae_WPP_2d_r2  pupae_WPP_3d_r1  pupae_WPP_3d_r2  pupae_WPP_4d_r1  pupae_WPP_4d_r2  adult_female_1d_r1  adult_female_1d_r2  adult_female_5d_r1  adult_female_5d_r2  adult_female_30d_r1  adult_female_30d_r2  adult_male_1d_r1  adult_male_1d_r2  adult_male_5d_r1  adult_male_5d_r2  adult_male_30d_r1 adult_male_30d_r2 Figure S1 . Wolbachia gene expression levels are highly-correlated across biological replicates and life cycle stages.
Each cell in the heatmap represents a Pearson correlation coefficient of expression levels across all genes (in units of TPM) for a pair of samples in the ISO1 total RNA-seq dataset. Higher similarity among pairs of samples is represented by bright yellow and lower similarity by dark blue. All but six stages in the modENCODE total RNA-seq time course have biological replicates (Embryos 4-6 hrs, Embryos 6-8 hrs, Embryos 8-10 hrs, Embryos 14-16 hrs, Embryos 16-18 hrs, and Embryos 20-22 hrs). Replicate samples from the same stage were collected in two independent series, denoted by r1 and r2 suffixes. Correlation among biological replicates of the same stage is very high (≥0.94), with the exception of late larval L3 stages (dark blue gut, light blue gut and clear gut) where samples from different stages of the same replicate series had higher correlation with each other than replicate samples from the same stage, leading to the observed checkerboard pattern. Two clusters spanning embryonic to white prepupal (WPP) stages, and late larval to adult stages, respectively, can be seen as square blocks of yellow spanning multiple stages. . RNA-seq expression levels for each gene were based on TPMs and normalized relative to embryonic expression levels for that gene. RT-qPCR expression levels for each gene were normalized using the mean expression of three stably-expressed reference genes (WD1043, WD1063, WD1071) and are calculated relative to embryonic expression levels.
Relative expression levels are shown as boxplots with black lines representing median values, boxes representing the interquartile range (IQR), whiskers representing the limits of values for samples that lie within 1.5 x IQR of the upper or lower quartiles, and dots representing samples that lie outside 1.5 x IQR of the upper or lower quartiles. In (A), there is one biological replicate for the embryonic stage and two replicates per stage for males and females. In (B) and (C), for each stage in each genotype, there are ten biological replicates from two independent collections (five replicates from each collection). Genes predicted to be stably-expressed, up-regulated (WspB/WD0009, WD0061, WD0830, WD0837, WD1289) or down-regulated (groES/WD0308, Hsp90/WD1277) between embryos and adults by RNA-seq showed expected patterns by RT-qPCR. Results of GLMs for differences in RT-qPCR expression levels between stages can be found in Table S3 . Adult MalesAdult Malesmean median Adult MalesFigure S3 . Clustering analysis of Wolbachia gene expression in the modENCODE life cycle time course.
(A) Histogram showing the number of independent clustering runs (out of a total of 1000 runs) using MBcluster.seq (Si et al., 2014 ) that a gene was affiliated with the variable gene cluster 2. Three distinct peaks were observed, one for stably-expressed genes (cluster 1, n=1033), and two peaks for variable genes that we denote cluster 2a (n=103) and cluster 2b (n=59). (B) Normalized expression profiles for genes in Cluster 1. (C) Normalized expression profiles for genes in Cluster 2a. (D) Heat map of row-normalized expression levels for genes in Cluster 2a.
(E) Normalized expression profiles for genes in Cluster 2b. (F) Heat map of row-normalized expression levels for genes in Cluster 2b. For panels (B), (C) and (E), TPMs for each gene at each stage are normalized (shown in grey) by subtracting the mean TPM for that gene across different life cycle stages (shown in black). The mean and median of normalized expression levels for all genes at each stage are show for each cluster in black and blue, respectively. For panels (D) and (F), row-normalized expression levels are visualized as a heatmap where each row represents a gene (ordered top-to-bottom by its position in the genome), and each cell represents the relative expression level for a particular sample in terms of Z-scores (observed TPM minus row mean TPM, divided by the standard deviation of TPMs for that row). Values higher than row means are represented by yellow, and values lower than row means are represented by red. Note that the heatmap color scale differs in panels (D) and (F). Figure S4 . Wolbachia genes with sex-biased expression are often found in operons.
Wiggle plots of Wolbachia expression levels for seven clusters of Wolbachia genes with sexbiased expression. Gene models and RNA-seq coverage for each stage are shown for the forward and reverse strands in blue and red, respectively. RNA-seq plots are shown on the same absolute y-axis scale. To provide an internal normalization factor for comparison across samples, mean coverage of the stably-expressed Wsp/WD1063 gene (not shown in this interval) divided by twenty is depicted by the dashed line in each panel. Six out of seven clusters (WD0061-WD0062, WD0291-WD0292, WD0837-WD0838, WD0973-WD0975, WD1269-WD1270 and WD1288-WD1290) were confirmed as operons based on contiguous mapping of RNA-seq reads. The third cluster depicted contains two divergently transcribed genes (WD0763-WD0764) that are not co-transcribed as an operon. Wiggle plots of Wolbachia expression levels for two highly expressed putative anti-sense noncoding RNA genes that overlap the 3' ends of the major phage capsid genes of both WO-A (WD0274) and WO-B (WD0604). Gene models and RNA-seq coverage for each stage are shown for the forward and reverse strands in blue and red, respectively. RNA-seq plots are shown on the same absolute y-axis scale. To provide an internal normalization factor for comparison across samples, mean coverage of the stably-expressed Wsp/WD1063 gene (not shown in this interval) divided by twenty is depicted by the dashed line in each panel. These transcribed regions are the most highly expressed sequences in both of the WO-A and WO-B regions, and are found in conserved locations of paralogs with divergent sequences.
File S1. Supporting Results and Discussion.
Provenance and infection status of ISO1 sub-strains
We investigated the cause of the discrepancy of Wolbachia sequences in the Berkeley Drosophila Genome Project (BDGP) and Bloomington Drosophila Stock Center (BDSC) ISO1 genomic data by first establishing the provenance of these lineages. As documented in the BDSC database, the BDSC ISO1 sub-strain was donated directly to the stock center by Jim Kennison in 1994. The ISO1 sub-strain used by the BDGP was obtained from Gerry Rubin's lab in the late 1990's (Roger Hoskins, personal communication). The Rubin lab ISO1 sub-strain was obtained in the mid-1990s from Jim Kennison via at least one intermediate lab (Todd Laverty, personal communication) . Thus, in contrast to naive assumptions, the ISO1 sub-strain at the Bloomington Drosophila Stock Center is neither a direct descendant nor progenitor of the ISO1 sub-strain used in the D. melanogaster genome project, and these two sub-strains have had independent trajectories since at least 1994.
The presence of Wolbachia sequences in our genomic data, but not in BDGP genomic data, could be explained in a number of ways. For example, the BDGP ISO1 sub-strain could have lost its infection, or Wolbachia sequences could have been eliminated during nuclear enrichment steps that were used to reduce mitochondrial DNA in the original Sanger sequencing libraries (Roger Hoskins, personal communication) (Adams et al., 2000) . Alternatively, the ISO1 substrain could alternatively have acquired a Wolbachia infection in the BDSC where many stocks are known to be infected (Clark et al., 2005) , although this is less likely because horizontal transfer of Wolbachia has not been observed in D. melanogaster whereas spontaneous loss is relatively common (Hoffmann et al., 1998; Richardson et al., 2012) .
To resolve when and where the BDSC ISO1 sub-strains lost (or acquired) its Wolbachia infection, we obtained ISO1 sub-strains from three additional sources: (i) the original sub-strain, maintained continuously by Jim Kennison since its synthesis in 1986; (ii) the sub-strain used for the Drosophila genome project, maintained by the BDGP since the late 1990's; and (iii) a sub-strain maintained by Gerry Rubin's lab since the mid-1990's, which was the progenitor of the BDGP sub-strain. The Rubin lab sub-strain was never treated for a Wolbachia infection using antibiotics (Gerry Rubin, personal communication). We performed diagnostic PCR for Wolbachia on all four ISO1 sub-strains before and after tetracycline treatment. We found that the ISO1 sub-strains from Jim Kennison's lab and the BDSC were infected with Wolbachia, but those from the Rubin lab and the BDGP were not (data not shown). Amplification of Wolbachia sequences was not observed in flies after antibiotic treatment, indicating that the source of Wolbachia DNA sequences is not due to nuclear integration, which occurs rarely in D. melanogaster (Huang et al., 2014) .
We conclude that the original ISO1 strain synthesized by Kennison was infected with Wolbachia, that an infected ISO1 sub-strain was donated by Kennison to the BDSC in 1994, and that an ISO1 sub-strain that was cured of (or spontaneously lost) its infection was obtained by the Rubin lab and donated to the BDGP. These results also show that, in addition to a high proportion of lab stocks carrying Wolbachia (Clark et al., 2005) , sub-lines of the same D. melanogaster stock may vary in their Wolbachia infection status.
Characterization of Wolbachia transcriptomic data in modENCODE libraries
To provide an overview of the Wolbachia transcriptomic data present in modENCODE libraries, we counted reads and estimated expression levels in transcripts per million (TPM) for each of the 1195 characterized protein-coding genes in the Wolbachia genome in each of the modEN-CODE RNA-seq samples (Table S1 ). At least 948 (79.3%) Wolbachia genes were expressed (defined as having non-zero TPM estimates) across all stages and replicates (Table S1 ). Using the more stringent definition of ≥ 2 mapped reads per gene used by Darby et al. (Darby et al., 2014) , more Wolbachia genes can be detected as being expressed in each sample from the modENCODE whole-organism RNA-seq data set (>856 genes, >71.6% of total) than could be detected by these authors using combined transcriptomic and proteomic profiling of Wolbachia wMelPop-CLA expression in cell culture (66.8%). The two samples with the lowest percentage of expressed genes were also among those with the fewest total reads, and both had many more expressed genes in the other biological replicate from the same stage (Embryos 22-24 hr: 948 vs 1111, Embryos 12-14 hr: 994 vs 1112, Table S1 ), indicating these samples may be outliers with respect to the actual number of genes expressed because of low sequencing coverage. The median number of genes expressed (non-zero TPM) across all samples is 1110, indicating that the majority of the Wolbachia genome is transcriptionally active throughout the D. melanogaster life cycle.
Additionally, we measured the correlation of expression levels (measured in TPMs) across all Wolbachia genes between all pairs of samples in the modENCODE total RNA-seq time course ( Figure S1 ). Correlation among biological replicates of the same stage is very high (r ≥ 0.94) and highly significant (p < 2.2e − 16). The lowest correlation among biological replicates is observed for three stages from the third larval instar (L3 dark blue gut, L3 light blue gut and L3 clear gut), which show higher similarity between stages from the same replicate series than they do between biological replicates from the same stage. Correlation of expression levels is also reasonably high and highly significant among all life-cycle stages (r > 0.61, p < 2.2e − 16). Overall, these results indicate that reproducibility of expression levels among biological replicates in the modENCODE data is high enough and the magnitude of expression differences among stages is low enough to perform differential expression analysis, and that the global pattern of Wolbachia gene expression does not change dramatically across the D. melanogaster life cycle when assayed at the level of the whole organism.
Quantitative analysis of Wolbachia RT-qPCR gene expression data
We validated the major pattern of Wolbachia gene expression dynamics between embryos and adults based on RNA-seq by performing reverse-transcriptase real-time quantitative PCR (RT-qPCR) for a sample of 10 genes in the BDSC ISO1 sub-strain. To assess if our findings were restricted to only one specific host strain, we also performed RT-qPCR for the same genes as well as in a second D. melanogaster strain (DrosDel w1118) that carries a wMel genotype very closely related to the one infecting ISO1 (see Figure 1A ) (Chrostek et al., 2013) . Three Wolbachia genes that were not identified as differentially expressed were chosen as reference genes (WD1043, Wsp/WD1063, petB/WD1071) on the basis of a low fold-change and low coefficient of variation across the RNA-seq time course. One of these (WD1063) is Wsp, the most highly expressed gene in the wMel genome that has been used previously as a control for RT-qPCR-based expression analysis in Wolbachia (Papafotiou et al., 2011) . We chose five genes that were up-regulated after embryogenesis (WspB/WD0009, WD0061, WD0830, WD0837, WD1289) and two genes that were down-regulated after embryogenesis (groES/WD0308, Hsp90/WD1277) to validate results of the GLM-based RNA-seq differential expression analysis. We performed RT-qPCR on 16-18 hr old embryos, 1-day post-eclosion males, and 1-day post-eclosion virgin females. We measured relative expression levels normalized to the average expression in embryonic samples of the three stably-expressed genes.
As shown in Figure S2 , RT-qPCR in both ISO1 and DrosDel w1118 broadly confirmed that genes predicted to be stably-expressed based on RNA-seq do not change substantially in relative expression from embryonic to adult stages, whereas both up-regulated and down-regulated genes do, and in the same direction and relative magnitude as predicted by the RNA-seq analysis. Generalized linear modelling of RT-qPCR expression levels for ISO1 and DrosDel w1118 separately revealed more genes with significant differences between embryos and adults in DrosDel w1118 (upregulated: 5/5 validated; down-regulated: 2/2 validated) than in ISO1 (upregulated: 4/5 validated; down-regulated: 1/2 validated) ( Table S3 ). We also detected slight but significant differences in RT-qPCR expression between embryos and adults for two genes in the "stable" class in DrosDel w1118 (Wsp/WD1063, petB/WD1071), which are not observed in ISO1.
To increase overall power and to separate gene-specific from strain-specific effects, we analysed RT-qPCR data for both strains together in a single GLM (Table S3 ). This joint analysis revealed that all seven genes predicted to be up-or down-regulated based on RNA-seq in ISO1 were confirmed as differentially expressed between embryos and adults using RT-qPCR. Differential expression was observed for all genes in both sexes with the exception of Hsp90/WD1277, which only showed significant differences between embryos and males. Genes predicted to be stably-expressed are also confirmed, with the exception of WD1043 which shows a slight, but marginally significant up-regulation in males versus embryos. Overall, we conclude that RT-qPCR results validate the Wolbachia gene expression dynamics inferred from whole-organism RNA-seq in D. melanogaster, and that gene expression information from the ISO1 RNA-seq time course can likely be extrapolated to other strains carrying wMel-like Wolbachia infections.
Probabilistic clustering of Wolbachia gene expression across the D. melanogaster life cycle
Probabilistic clustering (Si et al., 2014) on the entire modENCODE RNA-seq time course (including stages without replicates) revealed that the majority of Wolbachia genes (1033, 86.4%) show a pattern of relatively stable expression levels across the life cycle ( Figure S3 , panels A and B). These results demonstrate that only a small subset of Wolbachia genes show robust differences in expression across the modENCODE life-cycle time course, supporting similar conclusions based on the the life-cycle GLM differential expression analysis. Genes identified as dy-Tables S1-S4
Available for download as .tsv files at www.g3journal.org/lookup/suppl/doi:10.1534/ g3.115.021931/-/DC1. Table S1 . Summary of RNA-seq datasets.
A .tsv file with SRA IDs, summary of mapped reads for D. melanogaster and Wolbachia, number of expressed genes (defined as genes with non-zero TPM or genes with ≥ 2 mapped reads per gene), mean TPM for the sample (same for all samples, inverse of gene number time one million), standard deviation of TPM for the sample. Table S2 . Expression levels, conservation status and metadata for Wolbachia genes.
A .tsv file with gene IDs, coordinates, number of reads (from read 2 of paired end data) mapping to the sense strand in each sample ( r1 = replicate 1, r2 = replicate 2), estimated TPM for each sample, number of runs found in cluster 2, cluster assignment, adjusted p-value in lifecycle GLM, log2 fold-change in life-cycle GLM vs embryo 0-2 hours, maximum fold change between any two stages in life-cycle GLM, adjusted p-values and log2 fold change for pairwise exact tests between male and female samples at 1, 5 and 30 days, gene name, annotated gene product, effective number of codons, GC content, number of homologs in wMel, wRi, wPip-Pel, and wBm genomes. Table S3 . Results of the RT-qPCR GLM analysis.
A .tsv file with results of GLM for RT-qPCR analysis in ISO1 and DrosDel w1118. p-values reported are not adjusted for multiple testing, and thus α-levels for significance were set at 0.001. Table S4 . RT-qPCR primers.
A .tsv file with PCR primers for RT-qPCR experiments.
